Abstract -Stable isotope analysis of carbon (C) and nitrogen (N) was used to study the nature and origin of the suspended particulate matter (SPM) in a small Mediterranean reservoir, Lake Sos Canales (SC). The d 13 C and d 15 N isotopic ratios, physical-chemical parameters, nutrients and phytoplankton were analyzed ca. monthly over a hydrological year on the vertical profile at two stations (lacustrine and riverine). SPM quantity and composition were related to the hydrological annual dynamic. In Mediterranean reservoirs, water-level fluctuation is one of the most important stressors, largely dependent on the strong seasonality of climate and water exploitation for human uses. Mediterranean reservoirs show different phases during a hydrological year, alternating empty and low water level (summer-autumn), re-filling (winter-spring) and high water (spring-summer) phases. Isotopic ratios of C and N were similar on the vertical profile and at the two stations during the low water phase, but differed during the re-filling and high water phases. Significant correlations were found between d 15 N and water level, and between d 13 C and temperature in the surface layer at the lacustrine station. An unusual d 13 C distribution along the water column during the re-filling phase was interpreted on the basis of phytoplankton species composition, mainly due by Gymnodinium uberrimum.
Introduction
Since the last century, in the Mediterranean region, increasing water demand for human need has been met often by damming rivers or streams, and constructing artificial lakes.
One of the most relevant features of Mediterranean artificial lakes is their large water-level fluctuation (WLF), caused by the strong seasonality of both the climate and water uses (Naselli-Flores, 2003; Naselli-Flores and Barone, 2005) . In fact, Mediterranean artificial lakes show different phases during a hydrological year, alternating empty and low water-level phase, during the drought season (summer-autumn), re-filling (winter-spring) and high water (spring-beginning summer) phases, during the wet season. Consequently, the littoral zones of Mediterranean artificial lakes are relatively wide and only periodically submerged, especially when the lakes are used for human water exploitation such as for agriculture and hydropower production. Thus, phytoplankton is the most important primary producer at the base of the aquatic food web.
Phytoplankton is one of the main components of the suspended particulate matter (SPM) in aquatic ecosystems. SPM composition can be originated by internal production processes, constituted mainly by phytoplankton, bacteria and zooplankton, as well as by external sources, composed mainly of material transported by the river. Stable Isotope Analysis (SIA) of carbon (C) and nitrogen (N) is a useful tool for studying the origin of SPM. SIA is a relatively recent method for tracing nutrient fluxes within ecosystems, and studying food webs, trophic relationships, and pathways of energy flow, in particular in aquatic environments (Grey, 2006; Visconti et al., 2013a; Fadda et al., 2014, and references therein) . At a general level, C isotope composition ( 13 C/ 12 C; d 13 C) changes little along trophic transfer, whereas N ( 15 N/ 14 N; d 15 N) tends to be enriched (referred to as the heavy isotope; Sulzman, 2008) . Consequently, C isotope composition can be used for determining the food source of various organisms, whereas N composition allows estimates of their relative position in the trophic chain (Vander Zanden and Rasmussen, 1999; Visconti et al., 2013b) . The d
13
C of SPM has provided important insights into sources of organic matter, primary productivity and CO 2 concentration in surface waters (Lehman et al., 2004) , while d 15 N has been used to understand various N cycling processes (Teranes and Bernasconi, 1999; Lehman et al., 2004) .
In lacustrine systems, d 13 C and d 15 N ratios vary over time (Zohary et al., 1994; Lehman et al., 2004) ; this variability is related to external loadings, phytoplankton species composition, primary productivity, as well as sources and concentrations of dissolved inorganic C and N (Grey and Jones, 2001; Caroni et al., 2012) . Anyway, most of the knowledge on lacustrine d 13 C and d 15 N ratios derives from studies on natural lakes, whereas data on artificial lakes are rare.
On a hydrological year, in small artificial lakes (sensu Strasˇkraba and Tundisi, 1999) , external inputs from watersheds (i.e., matter of terrestrial origin) are relevant during the wet season, while internal recycling processes support biological communities during the drought season (Zohary and Ostrovsky, 2011) . Because of the marked differences between isotopic ratios of terrestrial and aquatic origin matter (Finlay and Kendall, 2008) , a low isotopic C ratio (i.e., terrestrial ratio) is expected during the wet season (i.e., filling phase), whereas a relative increase in the isotopic ratio (i.e., aquatic ratio) is expected in the dry months, when input from watershed is minimal. In addition, hydrological stressors, such as WLF and the relative morphometric characteristics of the lake, can affect the composition of SPM and, consequently, d
13 C and d 15 N ratios. Determination of SPM origin is critical for understanding the relative importance of the autochthonous primary trophic level with respect to allochtonous inputs to the lacustrine food web. In the management practices of artificial lakes, know the SPM origin provides a basic information for a top-down control (e.g., grazing) and can be a useful strategy for controlling phytoplankton growth (Jeppesen et al., 1999) . Artificial Mediterranean lakes are of strategic importance to the socio-economical development. They require site-specific management plans, which should take into account the effects of strong stresses of both natural (e.g., climate of the region) and anthropogenic origin (e.g., eutrophication, water management) and adopt management tools that lead to the better utilization of water resources (Tundisi and MatzumuraTundisi, 2003) .
The aim of this study was to evaluate the origin and annual dynamic of SPM using SIA of C and N in a Mediterranean artificial lake. The objective was to give a contribution to the poorly known isotope ratios of SPM in artificial lakes in the Mediterranean area.
Materials and methods

Study area
Sos Canales Lake (SC) was built in 1956 by damming the upper stream of River Tirso, the most important river in Sardinia (Italy; Fig. 1 ), which is the second largest island of the Mediterranean Sea. SC is located in a small, relatively pristine watershed, surrounded by cork-oaks woods. The water catchment is small and granitic (Fig. 1) . Though difficult to quantify, there are a small number of anthropogenic activities in the watershed, mainly associated with cork production and breeding. Despite the low impact of human activities, and a relatively low (theoretical) phosphorus load (Sechi and Luglie`, 1992) , SC is classified as meso-eutrophic according to OECD criterions (Sechi and Luglie`, 1992; Marchetto et al., 2009) . SC belongs to the Italian Network of Long Term Ecological Research (LTER-Italy; www.lteritalia.it). Long-term studies have shown that the phytoplankton, which is the main primary producer within SC, is co-dominated by Cyanobacteria, Dinophyceae, Chlorophyceae and Bacillariophyceae . Fadda et al. (2011) found that SC has the richest and most diverse zooplankton communities among the 15 Sardinian artificial lakes studied. SC provides drinking water supply for a resident population of 15 000; because of human use, the outflow of the lake is reasonably constant throughout the year, never exceeding 265 m 3 .month x1 . A mobile device for selecting water of high quality was installed in 2006 to reduce the costs of drinking water treatment. Water quality is monitored by Remote System Monitoring in Real Time and is managed by the Ente Acque della Sardegna (ENAS), the regional manager of dams and lakes. The system allows data to be obtained on a number of basic variables (temperature, pH, conductivity, dissolved oxygen and fluorimetric chlorophyll a) along a vertical profile throughout the water column.
SPM and SIA
Sampling SPM (1.2= mmj 76) samples were collected ca. monthly from October 2010 to September 2011 at two stations (Fig. 1) . The two stations were chosen as representative of the lacustrine and riverine areas inside the lake: St. 1 was close to the dam at maximum lake depth (40 m), and St. 2 near to the river inflow, where water depth ranged between 8 and 10 m. The sampling time was restricted to early afternoon (between 13:00 and 14:00 h pm).
Two integrated water samples were obtained on each date at St. 1: one from the layer between the surface and 7.5 m depth (SUR), and the other from the layer below 10 m depth (DEP). Samples were collected using a Niskin bottle (5 L) from depth intervals of 0, 1, 2.5, 5 and 7.5 m (SUR) and 10, 15, 20 and 30 m, water depth permitting (always more than 2 m from the bottom) (DEP).
On the same sampling dates, 0-7.5 m depth-integrated water samples were collected from the riverine area (St. 2). These samples were collected using a Niskin bottle (5 L) at depth intervals of 0, 1, 2.5, 5, 7.5 (depth permitting).
To evaluate terrestrial isotopic ratio, earthworms were collected from the lake catchment within each season to assess the effects of the surrounding soil, and benthic oligochaetes were collected at St. 1 (34 m depth), using an Ekman grab in February 2011 to assess the effects of the bottom sediments.
Analysis
Approximately 1 L of integrate water samples (obtained mixing 1 L of each depth samples) were pre-filtered on a 76 mm sieve to remove zooplankton and large detritus material, and then filtered on WATMAN GF/C glass-fiber filters (4.5 cm diameter, 1.2 mm pore size) and oven dried at 60 xC for 24 h. The dry-weight of SPM (mg.L x1 ) was evaluated by calculating the net weight between the preweighted empty and full filters, and compensating for the water liter that had been filtered. Filtered portions were transferred into tin capsules (6 r 4 mm 2 ) for d 13 C and d 15 N SIA.
Earthworms and oligochaetes were stored in clean water for 24 h for the gut cleaning, and oven dried at 60 xC for 24 h. Dried samples were powdered and 1 mg was weighted and put into tin capsules (6 r 4 mm 2 ) for SIA. Two replicate of each samples were analyzed by Continuous Flow-Isotope Ratio Mass Spectrometer (CF-IRMS; Delta plus XP ThermoFinnigann, Bremen, Germany) at the Istituto Agrario San Michele all'Adige (I.A.S.M.A, Trento, Italy), after total combustion (B 0.5 mg) in elemental analyzer (EA Flash 1112 ThermoFinnigan) (Camin et al., 2007) . Values were expressed in d‰ against international standards (ViennaPee Dee Belemnite for d 13 C, air for d 15 N) and calculated against acetanilide ratio, which was calibrated against international reference materials (MRI-ET-ISO 64, MRI-ET-ISO 63; Camin et al., 2007) . Measurement error was < 0.30‰ for d 
Environmental variables, nutrients and phytoplankton
Sampling
Sampling was conducted ca. monthly at the station in the lacustrine zone (St. 1), at the same dates used for collection of the SPM samples, for chemical-physical, nutrients and phytoplankton analyses. Samples for the chemical-physical variables and nutrients were collected using a Niskin bottle on a vertical profile at fixed depth intervals (0, 1, 2.5, 5, 7.5, 10, 15 m and below at intervals of 10 m, always more than 2 m from the bottom). Sampling for phytoplankton analysis was undertaken at the station in the lacustrine zone (St. 1) as well as at the riverine station (St. 2). Phytoplankton samples (100 mL) were collected from the first six depth intervals (0, 1, 2.5, 5, 7.5, 10 m) and immediately fixed in the field with Lugol's solution.
Measurements, analyses, calculations and statistical data analysis
Secchi disk transparency (SD) was measured trough a SD while temperature (T), pH, conductivity (Cond) and dissolved oxygen (DO) were measured in situ by a multiparametric probe (multiprobe Hydrolab DS5). Replicate samples were used for laboratory validation of the values registered in the field for pH (Orion Research Model 960) and conductivity (Mod Analytical Control 120).
Water samples were preserved in cold and dark conditions for laboratory analysis of alkalinity, ammonium (N-NH 4 ) (Fresenius et al., 1988) , nitrite (N-NO 2 ), nitrate (N-NO 3 ), total nitrogen (TN), reactive (RP) and total phosphorus (TP), according to Strickland and Parsons (1972) , and chlorophyll a (Chl a) according to Goltermann et al. (1978) . Dissolved inorganic nitrogen (DIN) was calculated by summing the ammonia, nitrate and nitrite concentrations. Organic nitrogen was calculated from the difference between TN and DIN concentrations. The environmental and nutrient data were averaged for SUR and DEP.
Phytoplankton was analyzed using Utermho¨l's technique (1958) . Cell density was evaluated by taking subsamples of 5-10 mL from the fixed samples, and using an inverted microscope (Zeiss, Axiovert 10) at 200r and 400 r magnification in an adequate number of fields. Species were determined on alive and fixed samples according to Huber-Pestalozzi (1938 , 1941 , 1942 , 1955 , 1961 , 1968 , 1982 , 1983 Bourrelly (1966 Bourrelly ( -1981 ; Hustedt (1985) ; Krammer and Lange-Bertalot (1986-1991) ; Koma´rek and Anagnostidis (1999, 2005) ; Suda et al. (2002) ; Koma´rek and Zapomeˇlova´(2007, 2008) . Biovolume was calculated by multiplying the cell density of each taxon by the mean unitary cell biovolume of the same taxon, which was obtained by geometrical approximation after measurement of at least 30 specimens according to Sun and Liu (2003) . Biovolume was converted to biomass assuming 1 mm 3 = 1 mg of fresh-weight biomass (Bingzhang and Liu, 2010) . Phytoplankton C and N concentrations were calculated by applying the Menden-Deuer and Lessard equations (2000) . Phytoplankton data were averaged for SUR and DEP at St. 1 and for the entire vertical profile at St. 2 at each sampling date. Weighted means were calculated for the photic zone (PZ= 2.5 SD).
Monthly rainfall values for the sampling period and those for the latest 6-year period (2006) (2007) (2008) (2009) (2010) (2011) , as recorded by the meteo-climatic station located close to the dam, were analyzed to evaluate the effects of rainfall trends.
Non-parametric tests for correlation and analysis of variance of the studied variables were applied using the program Statistica for Windows (StatSoft, 2001) .
Results
Environmental variables and nutrients
Lake volume, and consequently water level, increased slowly from November to January and abruptly from January to February because of heavy rainfall in the autumn-winter months (maximum of 180 mm in November; Fig. 2 ). The water level remained relatively stable until June. It decreased by about 5 m in July and the same trend continued until September, because of the low or absent rainfall in the summer months.
Rainfall was similar to that during 2006-2011; however, rainfall between autumn and spring was greater than the pluriannual average. As expected, wide seasonal variations were observed. SD transparency was lowest in February (1.2 m) and March (1.5 m), after the rainiest period and the consequent intense water input from the catchment (Fig. 3(a) ). Water transparency gradually increased in spring, remaining stable at ca. 3.5 m throughout summer.
Water temperature was homogeneous along the vertical profile, and was relatively low in winter (5.5-7.3 xC) when the lake was in a mixing condition (Figs. 3(a) and 4) . Thermal stratification started in April, and lasted until September. The maximum temperature (24.8 xC) was recorded in SUR in July. The pH was around 7, with slightly higher values during the summer stratification in SUR. Simultaneously, lower pH values of around 6 were observed in DEP. During mixing, the values overlapped ( Fig. 3(b) ). DO varied accordingly, gradually declining towards the end of summer and the beginning of autumn, especially in DEP (Fig. 3(b) ). DO values did not exceed 100% in SUR and were always higher than 38% in DEP.
Total nitrogen ranged between a minimum of ca. 600 mg N.m x3 in SUR (September) and a maximum of ca. 1600 mg N.m x3 in DEP (October) (Fig. 4(a) ). Organic nitrogen contributed most to TN all year round. Nitrate was the main component of the DIN in both SUR and DEP samples (at least 75%). During mixing time nitrate concentration was ca. 350 mg N.m x3 , while during the thermal stratification, nitrate concentration decreased in the epilimnion and increased slightly in the hypolimnion (Fig. 5) . Total phosphorus ranged from ca. 20 mg P.m in April to ca. 70 mg P.m x3 in May in DEP (Fig. 4(b) ). RP concentrations increased strongly in DEP from June to September during stratification, although RP concentration did not exceed 10 mg P.m x3 .
Phytoplankton
Chl a concentration was always higher in SUR than in DEP, where it did not reach higher than 2 mg.m x3 (Fig. 6(a) ). Chl a concentrations increased in SUR over the winter months from October, and reached maxima of 21.1 mg.m x3 in February and 20.4 mg.m x3 in March. During the same period, the extent of the PZ decreased, reaching minima of 2.9 and 3.8 m in February and March, respectively ( Fig. 5(a) ). Chl a values were lowest in the spring months (ca. 7 mg.m x3 ) and peaked again in summer (ca. 11 mg.m x3 ) when the PZ was at its highest (8.8 m from June to September). Chl a concentrations were highest in the upper layer during the colder months (Fig. 5) . From April, the highest Chl a concentrations were recorded below 2.5 m depth and, particularly from June to August, at 5 m depth.
Phytoplankton cell density and biomass were higher in SUR than in DEP, except during October (cell density) and December (cell density and biomass) when cell density and biomass were similar between the two layers ( Fig. 6(b) ). The cell density and biomass weighted mean values in the PZ overlapped with SUR values (R 2 = 0.997 for density; R 2 = 0.966 for biomass; n = 11), and ranged between 0.5 r 10 6 cells.L x1 in April and 14r 10 6 cells.L x1 in September (density) and from 1.64 mg.L x1 in September to 32.74 mg.L x1 in March (biomass) (Fig. 6(b) ).
Class composition of the phytoplankton cell density and biomass samples differed largely in all samples from both St. 1 and St. 2, and was much more diverse in the cell density samples than in the biomass samples. Cell density samples were dominated by Chlorophyceae (mainly Chlorella sp.) from October to December, Cryptophyceae (mainly Plagioselmis lacustris (Pascher and Ruttner) P. Javornick) and Dinophyceae (due to Gymnodinium uberrimum (G.J. Allman) Kofoid and Swezy) from January to May, and Cyanobacteria (mainly Aphanothece minutissima (W. West) Koma´rkova´-Legnerova´and Cronbergmainly) in August and September, when cell density values were highest. In contrast, biomass samples were dominated by Dinophyceae (G. uberrimum). The vertical distribution of the naked dinoflagellate G. uberrimum along the water column showed a strong seasonal dynamic, with the species preferring shallow depths (0-2.5 m) during the winter and spring months, and the deepest epilimnetic depths (5-7.5 m) during the summer months (Fig. 5) . Phytoplankton cell biomass, expressed as C and N content, was lower at St. 2 than in SUR samples at St. 1. The highest values were observed in the colder winter months from January to March, with annual peaks of Fig. 7(a) ). At St. 2, SPM ranged from 1.93 mg.L x1 in June to 6.67 mg d.w.L x1 in July, highlighting a different seasonal pattern between the stations. When the lake level was at its lowest, at the beginning and end of the study period (from October to January and in September), the amount of SPM in the SUR, DEP and St. 2 samples was similar. In February, when the lake level was at its maximum and mixing had occurred, SPM values increased at both St. 1 and St. 2. At St. 1, SPM values from SUR and DEP samples overlapped and were twice those from the St. 2 samples. From March, the dynamics were more variable. There was a progressive decrease in SPM values in St. 2 samples, consistent with rainfall, until an unexpected and intense peak in July when the maximum SPM value was recorded. At St. 1, the SPM dynamics were less regular. Peak values were observed in the wet season (February and March), in concert with the maximum level of the lake, and at the same time as the maximum Chl a and of G. uberrimum cell densities in the upper depths (0-2.5 m; Fig. 6 ). In March, there was an abrupt decrease in SPM values in DEP samples, while SPM values were highest in SUR samples. In April, SPM values in SUR decreased to about the same level as those in DEP. In May and June, lower SPM values were observed in DEP samples than in SUR samples and in St. 2 samples.
SPM and isotopic ratios
The ranges of d 13 C ratio values of SPM ( Fig. 7(b) ) were very similar in SUR and DEP samples at St. 1, varying from -34.89‰ (December) to -26.72‰ (May) in SUR, and -35.26‰ (December) to -26.48‰ (May-June) in DEP, and at St. 2, varying from -35.42‰ (December) to -26.28‰ (June). The lowest values were measured in winter (December), and the highest values in summer (June and July). The d 13 C ratio values fully overlapped at the beginning (from October to December) of the study period, and at the end (September) of the study period, during the autumn-winter months. The dynamics differed during the winter-spring months: values in SUR samples at St. 1 increased from December to February, and then remained quite constant until May, and were lower (i.e., more negative) than those in DEP samples at the same station and in St. 2 samples. The d
13
C ratio values in DEP and St. 2 were very similar in February, April and May but not in SUR, while they differed in March when the values in DEP approached those in SUR. All the d 13 C ratio values became higher (-26 ¡ 0.005‰) in June, and maintained remarkably different values in DEP and St. 2 samples compared with those in SUR. In July values further increased in SUR and became higher than they did in DEP and St. 2 samples. The mean ranks of the d 13 C ratio values were significantly different between summer (June and July) and winter (December) (Kruskal-Wallis H (8, n: 54) = 28.991, P = 0.003). No significant differences in values were found among stations and different depth layers.
The d 15 N ratio values of SPM ranged from 4.56‰ (June) to 10.60‰ (October) in SUR, and from 2.97‰ (May) and 8.82‰ (October-December) in DEP samples at St. 1, and from 4.37‰ (June) to 10.05‰ (December) at St. 2. Values were similar in October and December at ca. 10‰ (Fig. 7(c) A. Fadda et al.: Ann. Limnol. -Int. J. Lim. 52 (2016) (Fig. 7(c) ).
Oligochaetes collected from the sediments showed low 
Discussion
Hydrology, SPM and isotopic ratios SC was strongly affected by WLFs throughout the year (Fadda et al., 2014) , with a clear seasonality as is generally reported for reservoirs in the Mediterranean area (Naselli-Flores, 2003; Geraldes and Boavida, 2005; Naselli-Flores and Barone, 2005) . The lowest water level was reached in the autumn months (October and December) at the end of the driest period, and because of the constant year-round water withdrawal (Fig. 2) to produce drinkable water. The filling phase occurred in winter, and was mainly a result of rainfall via tributary inflows from the surrounding watershed. WLF is one of the most important stressors in lentic environments (Leira and Cantonati, 2008 and references therein), and has its greatest effects in shallow lakes and in the littoral zone. In thermally stratified lakes, WLF can cause unexpected water mixing, with strong effects on biota and ecosystem functioning (Naselli-Flores and Barone, 2005; Bond et al., 2008) , including both top-down and bottom-up effects (Zohary and Ostrovsky, 2011) . Rapid climate change affecting the planet is expected to further aggravate these effects, with larger WLF resulting from an increase in mean annual temperature, summer evaporation, modification of rainfall seasonal patterns, intensity and frequency of extreme rainfall events, and very long drought periods (Mulholland et al., 1997; Mooij et al., 2005; Barone et al., 2010) . Compared with natural lakes, artificial lakes are more susceptible to these significant stress factors (Naselli-Flores, 2003) .
Moreover, the unpredictable climate variability and prolongation of drought in the Mediterranean basin often cause complete drying of the upland tributaries, as is virtually the case in the upper stream of River Tirso. In the dry season (early summer-early autumn), a large amount of plant detritus can accumulate on the dry riverbed, which can be transported into the reservoir after the first rainfall at the end of summer and beginning of autumn. Consequently, we hypothesize that there was input of external material from the watershed, which results in ratios for nutrients that are close to those of the terrestrial origin, and indicates more enrichment in 13 C, as is expected in the lake (Finlay and Kendall, 2008) .
In the case of SC, during the filling phase in February (WLF of + 10 m greater than in December) transparency decreased, reaching a minimum of 1.2 m SD, and SPM increased. Simultaneously, d
13 C ratio values were less negative than in autumn. In this season, in SUR and DEP samples at St. 1 and samples at St. 2, d
13 C and d 15 N ratio values overlapped, respectively. In particular, in February, the d 13 C ratio value for SUR was lower than the DEP and St. 2 values, and similar to those recorded in previous months, indicating the presence of SPM of autochthonous origin. In contrast, the d 13 C ratio value for DEP overlapped with that for St. 2, indicating tracing of the water inflow from the watershed into the reservoir. Because inflow water density usually differs from that of the water already present in a reservoir (e.g., due to temperature, total dissolved solid and SPM), inflows enter and move through reservoirs as a density current (Ford, 1990 and references therein).
The d 13 C ratio value for bottom-benthic oligochaetes (x34¡ 0.24‰) collected from the sediments of SC was closer to the values for SUR than those for DEP or St. 2 during the filling phase, which supports the hypothesis mentioned above. The SPM origins during the filling phase, as traced by d 13 C ratio analysis, were also supported by the lower d 15 N ratio values during the same phase, especially when the DEP d 15 N ratio values at St. 1 were close to that for earthworms (4.67¡ 1.18, n= 10). In fact, ratio values for material of terrestrial origin generally indicate less enrichment than those for material of aquatic origin (Finlay and Kendall, 2008) . Overall, the d 15 N ratio values were negatively correlated with lake water levels (Spearman's rank R = -0.72; n= 54; P= 0.0001).
Environmental conditions, SPM and isotopic ratios
More so than hydrological variability, physical variables such as temperature are important determinants of d 13 C seasonal changes (Rau et al., 1989) . The results from the study confirmed the warm-monomictic seasonal thermal dynamic of SC with depleted d 13 C and enriched d 15 N in winter (cooler months) and more enriched d 13 C and depleted d 15 N in summer (warmer months). In monomictic lakes, a positive correlation between d 13 C and temperature is often observed (Zohary et al., 1994; Perga A. Fadda et al.: Ann. Limnol. -Int. J. Lim. 52 (2016) 401-412 408 and Gerdeaux, 2006; Caroni et al., 2012) . When temperature increases, atmospheric dissolution decreases; hence, changes in internal CO 2 sources can lead to a positive correlation between CO 2 and temperature. Temperature controls the solubility of CO 2 and in turn influences the fractionation of C isotopes during phytoplankton uptake (Rau et al., 1989 (Rau et al., , 1992 . In our study, d
13 C ratios of SPM increased (i.e., to less negative values) from May to July, when the reservoir was thermally stratified and surface temperature reached a maximum. A positive correlation was only found between SUR d 13 C ratio and temperature (Spearman's rank R = 0.883; n= 9; P = 0.007). A different uptake of dissolved inorganic carbon by phytoplankton may have been responsible for this relationship.
In stratified lakes and reservoirs, biological activities affect the hypolimnetic waters, decreasing the dissolved oxygen, pH and redox potential at the water-sediment interface (Nowlin et al., 2005) . Moreover, prolongation of the dry season, and stagnation of waters and a consequent lower redox potential, can enhance the remobilization of nutrients from the sediments (Bostro¨m et al., 1988; Zohary et al., 1994) . In SC, at St. 1, pH and oxygen reduction occurred in the DEP in summer, even though anoxia was not observed. Consequently, nitrification processes may have occurred, contributing to the increase of DIN in DEP samples in summer months (in June and especially in July). Indeed, d
15 N ratio values of DEP samples may have reflected degradation processes. In contrast, from April to June, the DIN decrement in SUR samples may have been due to phytoplankton uptake, which is consistent with the corresponding decrease in the d 15 N ratio. A conceptual model developed for the Great Lakes (USA) states that the d 15 N of seston is controlled by the balance between NH 4 + uptake and degradation processes, which increase d 15 N, and NO 3 x uptake and decreases the d 15 N of seston (McCusker et al., 1999) . Furthermore, in SC, phosphorous tended to increase in DEP samples at St. 1 during stratification and when external inputs were negligible, suggesting the importance of internal recycling in deeper waters.
Further, with regard to the C ratios, hypolimnetic intense respiratory activity can lead to a decrease in isotopic ratios: organisms that rely on deep water sources, where respiration activity is increased, have lower (i.e., more negative) C ratios than those living closer to the surface and/or littoral zone (Vander Zanden and Rasmussen, 1999; Grey, 2000; Cattaneo et al., 2004) .
Phytoplankton, SPM and isotopic ratios
In the SUR samples at St. 1, an important contribution by phytoplankton of surface SPM was indicated by significant correlations between SPM weight and Chl a (Spearman's rank R = 0.883; n= 9; P = 0.001) and total phytoplankton biomass (Spearman's rank R = 0.636; n= 11; P = 0.03). Correlations were not found significant between phytoplankton and SPM weight in DEP samples at St. 1 and St. 2 samples, whose dynamics may have been mainly related to physical and chemical processes, as described above. On this basis, the following discussion focuses on data relative to SUR, i.e., the surface layer (0-7.5 m) at the lacustrine station (St. 1).
Phytoplankton biomass was mainly composed of G. uberrimum (Spearman's rank R = 0.636; n = 11; P= 0.03), which is a mixotrophic naked dinoflagellate. In SC, there were more favorable conditions for this species in the upper depths (-2.5 m) in the colder winter months (from December to March) when the lake was in a mixing condition, and in the deeper layers (-5 m) in the warmer summer months (June and July) when the lake was stratified. G. uberrimum is able to move up and down the water column daily (Tilzer, 1973; Queimalin˜os et al., 2002; Niesel et al., 2007) , and has seasonal preferences for specific water layers (Niesel et al., 2007 and references therein) . Although stratified conditions are thought to help motile species, recent studies report a high competitiveness of G. uberrimum in mixed water, when the motile cells cannot use their ability to move (Niesel et al., 2007) . Moreover, a positive phototaxis was reported for G. uberrimum in a high altitude lake, whereas a negative phototaxis was reported in a mid-range altitude lake (Rott, 1981) . In SC, during winter when the PZ was lower, G. uberrimum was mainly recorded in the upper water layer (-2.5 m), whereas when the PZ increased, it swam into the epilimnetic deeper layers.
G. uberrimum is regarded as an oligo-to mesotrophic species, which benefits from low phosphorus concentrations (Tilzer, 1973; Niesel et al., 2007) . In SC, an association between G. uberrimum seasonal distribution and the concentration of nitrate along the water column was observed, as has been reported for other gymnodiales (Cullen and Horrigan, 1981) . When SC was thermally stratified, NO 3
x tended to decrease in the epilimnetic layers with a decrease in d 15 N, as discussed above. In September, when the G. uberrimum population decreased, the concentration of nitrate in the epilimnion was strongly reduced. Moreover, N-dinoflagellate biomass content was strongly correlated with nitrate (Spearman's rank R= 0.7; n= 11; P = 0.001).
Though G. uberrimum is believed to indicate good water quality (Marchetto et al., 2009) , it is not widely reported in Sardinia or in other Mediterranean artificial lakes. In-depth studies on the ecology of this species may help to better understand its functional role in artificial lakes in the Mediterranean basin.
Conclusions
Lake SC is a small warm monomictic reservoir where annual hydrological cycles affect the C and N ratios of SPM. Being a Mediterranean reservoir, SC is characterized by different phases: one of stagnant low-water levels from late summer to the beginning of winter, and the others, being more dynamic, from winter to spring during re-filling and at stable high water levels (until early summer). SPM quantity and composition were influenced by these annual dynamics. The hydrological dynamics, as shown by WLFs, led to a seasonality in d 15 N ratios associated with phytoplankton growth and internal recycling, whereas d 13 C ratios allowed tracing of the water (and material) inflow from the watershed into the reservoir. Further, isotopic ratios of SPM were influenced by phytoplankton composition and its uptake activity (Zohary et al., 1994; Lehman et al., 2004; Gu et al., 2006) .
An apparent anomalous d 13 C ratio distribution along the water column during the filling phase, which partially retained the ratios of previous months, suggests a peculiar behavior of phytoplankton in the lake. The biomass of the phytoplankton community and surface water SPM was dominated by G. uberrimum, which found advantageous conditions in the mixed water during winter, when it preferred the surface layers. On the contrary, during summer thermal stratification, the species moved to deeper water layers, as has been reported in other environments (Tilzer, 1973; Queimalin˜os et al., 2002; Niesel et al., 2007) . Our study confirms the high level of ecological complexity of artificial lakes, and shows that SIA is a useful tool for interpreting the dynamics of hydrologic and biotic processes within these ecosystems.
